In view of the extensive development of the cerebellar hemispheres and the cerebral cortex in mammals, it is natural to inquire whether some highly significant and unique functional interrelationship might exist between them. Furthermore, the concomitant improvement in motor skill that accompanies the development 957 of these two brain structures in ascending the phylogenetic scale suggests that these structures may play an important role in the execution of skilled movement, an inference that agrees with the vast array of clinical and experimental evidence. Because of the advances in and application of the cellular approach to the nervous system during the past two decades, there has been great progress in understanding the physiology of the two cortical areas and their related structures.
It is now known there are outstanding differences in the organization of these cortical areas. In addition, the pyramidal neurons in the cerebrum are excitatory whereas the Purkinje cells in the cerebellum are inhibitory. These differences suggest distinct roles for these two structures.
In the last few years there has been a wealth of new information about the neuronal and synaptic properties within the pathways connecting these two cortical structures.
It seems worthwhile to survey the information that is known at present. In addition, an attempt is made to indicate the conceptual advances brought out by the cellular approach. Because many reviews have appeared covering portions of this general problem ( 18, 39, 66, 119, 120, 122, 140, 141, 192, 209 , i 10, 3 17), the scope of this present review is restricted to the propertics of the neuronal connections within the cerebrocerebellar loop and subloops and the dynamic properties of these loops. In many cases, only the more recent references are listed and those articles should be consulted in order to gain the proper historical perspective for the earlier work. Evoked-potential studies have made it clear that there are functional connections between the cerebral cortex and the cerebellar cortex. In the cat, stimula-tion of the cerebral cortex evokes two types of potentials in the cerebellum, a shortlatency (3-6 ms) wave mediated by the mossy fibers and a long-latency (12-25 ms) wave via the climbing fibers (74, 103, 109, 168, 169, 243) . Similarly, stimulation of the cerebellar nuclei, which form the cerebellar outflow, evokes a potential on the cerebral surface at 1.5-2-O rns (211, 259) . By applying localized stimuli to the cerebral cortex or cerebellar cortex while recording from the other, it has been possible to map the spatial extent of the influences of one cortex onto the other. From this it is known that the cerebral pathways primarily influence the intermediate and lateral zones of the contralateral ccrebellurn and the intermediate and lateral zones of the cerebellum primarily influence the motor area of the contralateral cerebral cortex (18, 141, 259, 263 
III. CEREBROCEREBELLAR PATHWAYS
There is general agreement that the main outflow from the cerebral cortex is contained in the pyramidal tract (PT) and that the messages traveling along this tract are important for the skilled usage of the musculature (29, 242, 3 17). The main portion of the PT arises from the motor cortex and nearby cortical arcas. Before the PT fibers reach the spinal cord, they give off collaterals that innervate many brainstem nuclei (248), some of which project to the cerebellum. In addition to the small number of corticospinal fibers (500,000 in man and 40,000 in cat; see Table 1 ) that arise in a restricted portion of the cerebral cortex, nearly all areas of the cerebral cortex give rise to corticobulbar fibers, which pass through the internal capsule and travel along with the PT before terminating in the brainstem. Consequently, there are many more corticobulbar fibers than corticospinal fibers (20 million vs. 0.5 million in man ; Table 1) .
Electrophysiological evidence has confirmed that the cerebrocerebellar influences are mediated by the pyramidal tract and the accompanying corticobulbar fibers. Both the mossy-fiber and climbing-fiber responses in either the pars intermedia or vermis of the anterior lobe were still evoked by stimulating the sensorimotor cortex in "pyramidal" cats in which the brainstem was transected at the mesencephalic level, sparing only the cerebral pedunclcs (74, 179 conducting groups with mean conduction velocities of 50 m/s and 14 m/s (190, 280; reviewed in 234). By measuring in the "pyramidal" cat the conduction velocities of fibers mediating the mossy-fiber and climbing-fiber field potentials in the cerebellum, Kitai et al. (179) h ave shown that the climbing-fiber input is mediated by the slow PT fibers, while the mossy-fiber input is activated by both the fast and slow PT fibers.
Several brainstem nuclei have been shown to receive cortical inputs and also to project to the cerebellum: notably, the pontine nuclei (PN), the inferior olive (IO), and the lateral reticular nucleus (LRN) (Fig. 1) . It is generally concluded that the inferior olive is the principal source of climbing fibers (122, 123, 279 Lesions of the brachium pontis, which carries the fibers to the cerebellum from the nucleus reticularis tegmenti pontis, never reduced the climbing-fiber fields in any of these cerebellar areas (4; Allen and Ohno, manuscript in preparation). Similarly, transection of the inferior olivary output at its decussation eliminates the nerve-evoked climbing-fiber responses in Deiters' neurons (13, 70). All other precerebellar relay nuclei send fibers that terminate as mossy fibers. Of these, the pontine and lateral reticular nuclei are considered to be the most important cerebrocerebellar relays on the basis of number of fibers that they project to the cerebellum and the number of cortical fibers terminating within the nuclei. Since the cerebropontocerebellar pathway enters the cerebellum through the brachium pontis and the cerebroreticulocerebcllar pathway enters via the rcstiform body, it has been possible to compare the contributions of these two pathways by creating electrolytic lesions through electrodes stereotaxically inserted into these peduncles. This approach shows that with cerebral stimulation approximately half of the early mossy-fiber input to the pars intermedia and vermis of the anterior lobe is carried by each of these two pathways, while nearly all that to the hemisphere is carried by the cerebropontocerebellar pathway (4; Allen and Ohno, manuscript in prcpara tion).
A. Pontin,e Ahdei
The pontine nuclei may be divided into two components--the more ventrally located basilar pons or pontine gray and the nucleus reticularis tegrnenti pontis (NRTP) that lies dorsal thereto. Both of these pontine groups receive PT fibers and project to the ccrcbcllum through the brachium pontis. The pontinc gray receives fibers from nearly the whole cerebral cortex in the cat, whereas only restricted regions of the cerebral cortex project to the NRTP (48, 56-61). Each region of the cerebral cortex terminates in a specific zone of the ipsilatcral pontine gray, with limited overlap of different cortical areas onto a given pontine zone (also 322). By contrast, the cortical overlap onto a given zone in the NRTP is more extensive, suggesting that more integration of cortical information takes place along this route to the cerebellum (48). When the anatomical and electrophysiological data are combined, it seems likely that the slow PT fibers synapse upon the distal dendrites and that the fast PT fibers synapse more proximally.
Thus it can be deduced that the slow PT fibers produce small unitary EPSPs and probably contribute to the slow adjustment of the excitation level of pontine cells, as has been suggested for the dendritic EPSPs in motoneurons (246, 247), whereas the fast PT fibers generate large unitary EPSPs best suited for relaying impulses with a high safety factor (11). of inhibition in the pontine nuclei suggests that the pontine neurons should be able to transmit high-frequency information from the cerebral cortex.
The pontocerebellar fibers are O-9-7.5 pm in diameter (312) and conduct at 5-45 m/s (Allen, Korn, Oshima, and Toyama, manuscript in preparation). The fast and slow PT fibers are linked with the pontine neurons in such a way that the faster PT fibers tend to innervate the faster conducting pontinc fibers (Allen, Korn, Oshima, and Toyama, manuscript in preparation). Nearly all the pontocerebellar fibers terminating in the pars intermedia and hemisphere decussate in the pons before entering and terminating in the contralateral cerebellum.
Many of the fibers to the vermis enter through the ipsilateral brachium pontis and distribute terminals on both sides of the midline (52, 167). Although the pontocerebellar projections have been studied, the detail is not clear enough to allow a correlation with the well-defined corticopontine projection in order to describe a corticopontocerehellar somatotopy (52, 56). 2) Nucleus reticularis tegmenti pontis. Although some differences are to be expected between the NRTP and pontine neurons, a preliminary investigation has shown that the pyramidal tract activates NRTP neurons in essentially the same manner as the pontine neurons (181).
B. Inferior Olive
The inferior olive is divided into the principal nucleus and the dorsal and medial accessory nuclei. Portions of each of thcsc nuclei serve as relays for cortically induced climbing-fiber responses (45, 167, 3 10). The inferior olivary neurons receive excitation from the ipsilateral cerebral cortex with relatively long latencies of 8-9 ms (23) or 12.8 Ins on the average ( 10 1, 102, 267). From the latencies of the climbing-fiber responses recorded in the cerebellum, conduction velocities of cortico-olivary fibers were calculated at 5-l 7 m/s, indicating that the climbing-fiber responses are mediated by the slow PT fibers (179). However, two discrepancies pose problems. Anatomical studies suggest that the cortex projects primarily to the contralateral inferior olive with only a modest number of terminals in the ipsilateral inferior olive (27 l), although the ipsilateral inferior olive receives the strongest excitation from the cerebral cortex (74, 10 1, 102, 109, 168, 2 18, 267). Also, a consideration of the conduction distance from the cerebral cortex to the inferior olive suggests that the PT fibers innervating the inferior olive conduct at less than 7 m/s if a monosynaptic connection exists (6, 23). The Purkinje cell is activated through the climbing-fiber system at a latency of 1 Z-20 ms (6, 144, 2 18) with the characteristic climbing-fiber response consisting of 3-5 spikes. In contrast to the mossy-fiber input, the climbing-fiber response fluctuates widely in latency from one stimulus to the next.
The mossy-fiber responses (excitation and inhibition) have a lower threshold to cortical stimulation than does the climbing-fiber excitation (6, 179). The mossyfiber responses are elicited by a single shock, are increased by a second shock (at an interval of 2 ms), but are not influenced by adding a third shock to the train. On the other hand, the climbing-fiber response is difficult to elicit without two shocks and increases with the addition of a third shock to the train. The mossy-fiber excitation follows repetitive stimulation up to 70 Hz; the climbing-fiber response fails between 5 and 20 Hz (6). These properties are all consistent with those observed for the precerebellar relay nuclei and suggest that the mossy-fiber system is capable of transmitting high-frequency information.
D. Purkinje Cell Integration
Systematic recordings from Purkinje cells in the pars intermedia of the anterior lobe in cats have demonstrated that neurons in lobules III and IV receive mossy-and climbing-fiber inputs primarily from the hindlimb area of the sensorimotor cortex (7). Likewise, Purkinje cells in lobule V (and apparently VI) respond to mossy-and climbing-fiber inputs from the forelimb area of the sensorimotor cortex. Furthermore, the nerve inputs follow the same somatotopy (7, 127, 147 or association areas, including medial wall of anterior sigmoid gyrus (area 6), proreate gyrus, orbital gyrus, ectosylvian gyrus, and presylvian gyrus in the cat (Allen and Ohno, manuscript in preparation), which c is in agreement with the earlier evoked-potential studies (168). There is a clear tendency for the medial wall anterior to the cruciate sulcus to project to lateral crus II and for the lateral anterior sigmoid gyrus to project to medial crus I in a manner similar to the adjacent lobulus simplex. Orbital, presylvian, and anterior ectosylvian gyri send inputs to all portions of crura I and II. A systematic single-unit study of the dorsal and ventral divisions of paraflocculus has not been performed.
However, in evoked-potential studies, Jansen (168) described inputs to the posterior dorsal paraflocculus from lateral anterior sigmoid close to the presylvian gyrus, anterior ectosylvian gyrus, medial wall of prorcatc gyrus, and anterior portion of lateral gyrus. Weak potentials were evoked in the anterior part of dorsal paraflocculus from middle suprasylvian and orbital gyri. Weak inputs to the ventral paraflocculus were only obtained from the lateral anterior sigmoid gyrus close to the presylvian gyrus. The somatotopical organization to the vermis is not as neat as it is to the pars intermedia.
Near the midline, the forelimb area of the pericruciate sensorimotor cortex projects to lobule V and the hindlimb area to lobules II-IV. However, near the paravermal vein, which separates the vermis from the pars intermedia, the hindlimb input projects to lobules II-V (243; Allen, Azzena, and Ohno, manuscript in preparation). This summary of the somatotopv within the cerebrocerebellar projections is , abbreviated and the reader is urged to consult the review of Evarts and Thach ( 141 j for additional detail.
Because evoked potentials tend to overestimate the significance of a given input, it will be necessary to refine the somatotopical projection with single-unit studies of Purkinje cell responses. However, from the information now at hand, it seems possible to conclude that there is a strict forelimb-hindlimb somatotopy from cerebral cortex to intermediate zone, whereas there is a large convergence of inputs onto the lateral zone, apparently with less somatotopy. This appears to hold true for both cat and monkey (109, 112, 168).
The Purkinje cell, the only output element of the cerebellar cortex, inhibits the neurons of the ccrcbellar nuclei ( 122, 165). Each nuclear neuron probably receives terminals from up to ZOO Purkinje cells or more (see sect. IX@. In addition, some of the cerebellar afferents provide excitatory collaterals to the nuclear neurons.
The responses of interpositus and dentate neurons in cat to stimulation of the contralateral cortex can be generalized into several components: a relatively weak early excitation (El) at 4-6 ms, inhibition (II) at 7-10 ms, a strong long-lasting excitation (Ez) at 11-15 ms, inhibition (12) at 18-28 ms, and a rebound at 30-50 ms (5 ; Allen, Azzena, and Ohno, manuscript in preparation).
The presence and size of each component depend on the cortical area stimulated and vary from one neuron to another. The late excitation is the most common component and the early excitation is the rarest. The initial excitation-inhibition sequence can be attributed to the early pontine and LRN inputs to the pars inter-media and the pontine inputs to the hemisphere.
The early excitation would be due to collaterals of these mossy fibers to the interpositus and lateral nuclei and the subsequent inhibition to the Purkinje cell discharge with a latency of 4-8 ms. Lesions of individual cerebellar peduncles suggest that the early excitation of the interpositus neurons, when it occurs, is prirnarily transmitted by the LRN fibers traveling in the restiform body. One curious feature is that there is a dearth of excitatory collateral action from the short-latency "specific" mossy fibers via the pons for the cerebral input and from the dorsal spinoccrebcllar tract/cuneocerebellar tract (DSCT/CCT) for the spinal input (121, 124).
For the late excitation-inhibition sequence, the inhibition should be due to the activation of Purkinje cells by climbing fibers and also by mossy fibers presumably of LRN origin.
Using Deiters' nucleus as a model to study cerebellar nuclear integration, Allen et al. (12) nuclei. An attractive alternative is that the NRTP, whose axons also pass through the brachium pontis, sends collaterals to the cerebellar nuclei (299) and so serves as the cerebral equivalent of the LRN. As a generalization, it can be postulated that collaterals from the "reticular" mossy-fiber relay nuclei innervate the cerebellar nuclei and that the "specific" mossy fibers largely bypass the cerebellar nuclear neurons on the way to the cerebcllar cortex. It should be noted that in addition to the collaterals the inputs to the cerebellar nuclear neurons may include fibers specifically terminating within the cerebellar nuclei. Although there may be some somatotopic pattern in the activation of nuclear neurons by collaterals of reticulocerebellar fibers, it is probable that the collaterals in general provide a nonspecific drive which the Purkinje cells can modulate down by inhibition or up by disinhi bition. Within interpositus and lateral nuclei, small interneurons have been described that are innervated by collaterals of larger cerebellar nuclear neurons giving rise to the efferent fibers and also by cerebellar afferents (77-81, 215). These interneurons, in turn, synapse upon the somata and dendrites of the large cerebellar nuclear neurons.
Based on the elliptical synaptic vesicles of these interneurons, Chan-Palay (80) has suggested that they are inhibitory interneurons.
In the preceding description, it was not necessary to invoke interneuronal mechanisms to explain any of the observed responses (172, 255). However, these interneurons may make secondary contributions to the responses of the nuclear neurons and their role should be considered more carefully in future experiments.
B. Corticonuclear Projection
The cerebellar cortex can be laid out in more-or-less longitudinal strips that project onto their own cerebellar nuclei ( 192, 3 13 inputs the somatotopy present at the level of interpositus is preserved through the next relay, the red nucleus. A different kind of convergence occurs upon the dentate neurons. Individual neurons in the cat may respond to inputs from the supplementary motor area, the secondary somatosensory area, the presylvian gyrus, and the orbital gyrus, in addition to portions of the sensorimotor cortex (10; Allen and Ohno, manuscript in preparation).
As with interpositus, there appears to be convergence within both the afferent inputs to dentate neurons and the corticonuclear projections. There are regional differences in the responses of dentate neurons to the different cerebral inputs. Similar results have been observed in the monkey. Individual dentate neurons may respond to inputs from the premotor area, supplementary motor area, prefrontal area, and in many cases to motor and somatosensory cortex (Allen, Gilbert, and Yin, manuscript in preparation). The significance of each of these cerebral areas projecting to dentate is not clear. What is clear is that dentate nucleus (DE) integrates the signals from much wider areas of cerebral cortex than does interpositus.
And it is likely that each of these areas is in some way concerned with movement. Figure 4 .
B. Cortical Affmnts
The specific thalamic afferents to the motor cortex arise from the VL nucleus and terminate in layers III and IV, synapsing upon neurons in layers III-V as shown in Figure 4 ( PT neurons are excited disynaptically at 2.7-3.5 ms after stimulation of the brachium conjunctivum, which just allows for the relay in the VL thalamus. In contrast, the slow-conducting PT neurons are excited trisynaptically because the thalamocortical signals first synapse upon the excitatory stellate cells of layer IV and are then relayed to the small pyramidal cells (Fig. 3 ). Sasaki and coworkers (259, 263) and Massion and coworkers (2 11, 2 12, 250, 25 1) have performed the most careful mappings of the cerebellum upon the cerebral cortex. Sasaki's group has stimulated the fastigial, interpositus, and lateral cerebellar nuclei of the cat and mapped the evoked potentials onto the frontal, parietal, and nearby mesial regions of the cerebral cortex (259, 263 and that the primary function of the nucleus is determined by the relative numbers of the two inputs. It seems likely that for the VL/VA complex, the RN, and the NRTP the cerebellar input provides the major driving force and that the cerebral input provides a background or modulatory influence (Fig. 5) . For the other group of nuclei (i.e., pontine gray, IO, LRN) these two roles would be reversed. However, for these nuclei the role of the cerebellar inputs must be carefully considered.
Based on these considerations, it may be necessary to reconsider the role of the NRTP Although most neurons receive both cortical and cerebellar inputs, the cerebellar input clearly provides the major driving force for the NRTP neurons (54, 181, 299). Th us, rather than considering the NRTP as a relay in the cerebrocerebellar pathway, we must consider that it is the relay in a cerebellocerebellar loop that can be modified by cerebral inputs (Fig. 5) . areas, for example, from area 6, the supplementary motor area. The callosal afferents monosynaptically excite both the fast and slow PT cells (226). The callosal fibers innervating the fast PT cells conduct at 7-14 m/s, whereas the callosal fibers to the slow PT cells conduct at 3-4 m/s. In contrast with the cerebellothalamocortical input through VL, which exerts its influence on the proximal dendrites, the corticocortical and callosal inputs are thought to exert their influence more distally (see sect. VIII?).
It may be concluded that the cerebellar inpirt provides the dominant input to the PT neurons, whereas the somatosensory, somatosensory cortical, association, and callosal afferents exert subsidary, albeit important, influences on the PT neurons.
Individual neurons of the VL integrate signals from the basal ganglia as well as the important cerebellar input and the weaker cerebral input. Stimulation of the ansa lenticularis, the main outflow from the basal ganglia, leads to a monosynaptic excitation of the VL at 0.7-0.9 111s in nearly 2OYG of the neurons (108). A feeling for the computational ability of the cerebellum can be gained by realizing that there are 14 times as many Purkinje cells as PT fibers and lO,OOO-100,000 times as many granule cells operating on circuits to the corticospinal pathways. Also, there is a net convergence ratio for the cerebellum of about 40: 1 (288), which is the ratio of the inputs coming from and the outputs returning to the cerebral cortex. When this ratio is compared with that of 4.8: 1 for the dorsal root and ventral root fibers of the spinal cord (1, quoted in 38; 28, quoted in 288), it becomes reasonable to think that the cerebellum is capable of performing a fine computation on the information carried by its afferents and subsequently fed back through the loop to the cerebrum (120, 12 1, 257).
C. Loop Operation
The considerations in sections IV and VC suggest that the pars intermedia integrates cortical inputs primarily restricted to the sensorimotor cortex to which the signals are returned.
Furthermore, there is a forelimb/hindlimb somatotopy within the cerebrocerebellar portion of this loop and it is likely that the somatotopy is preserved along the cerebellocerebral segment. Thus, there is good reason to think of this loop through the pars intermedia as a closed loop. Within the pars intermedia, the Purkinje cells (plus inferior olive and LRN) integrate both cortical and peripheral inputs that represent the same limb (7). Because the pars intermedia receives both cortical and peripheral inputs and feeds back to the cerebral cortex and to the periphery via the rubrospinal and pyramidal tracts, it is possible to think of two separate loops passing through the pars intermedia, one cerebrally oriented and the other peripherally oriented. In fact, the Purkinje cells can be fired by either cortical or peripheral inputs alone.
However, the fact that the Purkinje cells and inferior olive neurons related to the pars intermedia integrate cortical and peripheral inputs from the same limb (7, 196, 2 18) suggests that these two inputs should cooperate in the normal operation of the pars intermedia.
Furthermore, there is the suggestion that information may be transmitted more efficiently through the cerebellum when the cortical and peripheral inputs arrive simultaneously (7). More insight into this problem should be obtained once the trigger features of the cerebral and peripheral inputs to a given Purkinje cell have been worked out in the same way as RosCn and Asanuma (252) have done for the PT neurons. As depicted in Figure 8 , it may be assumed that the pars intermedia participates in a skilled movement in the following way (7). The pyramidal cells in the motor cortex send signals down the spinal cord, activating the motoneurons and giving rise to a movement.
Simultaneously with the PT discharge to the spinal motoneurons, the pars intermedia of the cerebellum is notified of the intended movement by way of PT collaterals. As a result of the movement, cutaneous, muscle, and joint receptors are activated, sending their signals to the same zone of the cerebellum by way of the spinocerebellar tracts. However, the direct cortical inputs to the cerebellum arrive much earlier than the spinal inputs following the movement.
Therefore, the Purkinje cell would summate the cortical input representing the motor command to move and a spinal input describing the movement resulting from a previous motor command.
In this way, the peripheral input may 88, 125, 137, 139) . In each case, minimum possible time was not chosen. For man and for hindlimb movements, longer loop times must be considered. Note that after the pars intermedia operates on descending motor signals, its output can reach the motoneurons rapidly via rubrospinal and corticospinal tracts, updating the intended movement before it progresses very far. (Allen, Azzena, and Ohno, unpublished .) provide important information about limb position and velocity of the ongoing movement that the pars intermedia can coordinate with the information from the motor cortex for the next phase, as it prornotes an effective movement.
Since the Purkinje cell performs a continuous integration of nerve and cortical inputs, its evaluation of the command and evolving movement is constantly being updated, and the signals to the motor cortex and rubrospinal tract arc modified accordingly ( 116, 117, 120) . Since the result of the computation can influence the motoneuron through the fast pathways of the rubrospinal and pyramidal tracts, movement can be modified at the earliest stages, before a significant fraction has been executed. Although it might be possible to consider that the pars intermedia may be part of a follow-up correcting mechanism, as the vermis apparently is (117, 12 l), it seems more reasonable to think that the pars intermedia uses its extensive sensory information in conjunction with the cerebral input to constantly update the intended movement just as it is about to begin and in response to each subsequent motor command throughout the movement. Follow-up correction, which is a less efficient way to control skilled movement, could be performed adequately by the cerebral cortex (88, 139, 2 16). Although the pars inter-media may cooperate with the cerebral cortex in follow-up correction, the pars intermedia probably would not perform follow-up correction by itself unless the cerebral cortex were not functioning properly. The cerebellar hemisphere, on the other hand, integrates inputs primarily from association cortex plus sensorimotor cortex and returns it to the motor area. This pathway tends to funnel information from wide areas of cerebral cortex through the cerebellar hemisphere onto a small area of cerebral cortex and may be best viewed as an open loop. In the cat there is a very weak input from peripheral nerves (10, 147, 214; Allen and Ohno, manuscript in preparation).
In the primate, this input becomes less significant (112 ; Allen, Gilbert and Yin, manuscript in preparation), leaving the cerebellar hemisphere primarily as a center for integrating association and motor cortical signals. In order to correctly assess the operation of the cerebellar hemisphere, it would be necessary to understand the functional significance of the output from the various association areas projecting to the hemisphere and the patterns of association signals impinging upon the cerebellar hemisphere during a movement. This kind of information is not yet available.
However, the experiments of Kornhuber and coworkers (105, 186) may provide some insight. In human subjects performing a volitionally initiated movement of the index finger, potentials were recorded from the scalp overlying the cerebral cortex before the movement began. As early as 0.8 s before the rnovemerit, a slowly rising negative potential, the readiness potential, develops over large regions of the cerebral cortex bilaterally. About 60 ms before the onset of the movement a sharp negative wave appears over the hand area of the contralateral motor cortex.
These experiments suggest that many cerebral areas participate in the planning and carrying out of a voluntary movement. It is certainly the association areas that participate in the translation of the idea to move into a patterned activation of certain motor cortical columns and their elemental movements (Fig. 9) . Furthermore, it is to be expected that the association areas projecting to the cerebellar hemisphere are among those in the premotor chain. Since the hemisphere appears to perform its function without the aid of direct peripheral inputs, the hemisphere would appear to be more suited for participation in planning the movement than in actual execution and updating of the movement as was. proposed for pars intermedia.
As suggested in Figure 9 , the most reasonable possibility for the lateral cerebellum is that it participates in the programing or long-range planning of the movement.
Its function is largely anticipatory, based on learning and previous experience and also on preliminary, highly digested sensory information that some of the association areas receive. However, the fact that the cerebellar hemisphere may receive somatosensory information from association areas (34, 174, 256) does not imply that the lateral cerebellum is primarily a processor for sensory information relayed by the association areas. In the cat, some of the association areas projecting to the lateral cerebellum do not receive any somatosensory information (10). It is likely that the extent of these nonsomatosensory association areas is greater in primates.
Once the movement has been planned within the association cortex, with the help of the cerebellar hemisphere and basal ganglia, the motor cortex issues the command for movement (138, 141, 186) . At this point the pars intermedia makes an important contribution by updating the movement based on the sensory description of the limb position and velocity on which the intended movement is to be superimposed. This is a kind of short-range planning as opposed to the long-range planning of the association cortex and lateral cerebellum. This hypothesis is consistent with the observation by Thach (283, 284, 286) that the activity of dentate neurons tends to slightly precede that of motor cortical neurons, whereas that of interpositus neurons tends to follow. Certainly both of these cerebellar zones must cooperate in the performance of every skilled movement.
Every movement initiated centrally has some kind of l a program, therefore it is preprogramed to some degree. Likewise, every volitional movement has the potential of being updated as it begins and throughout its duration.
If both cerebellar zones perform their jobs well, very little follow-up correction would be necessary by the cerebral cortex. To better visualize the roles of the cerebellar zones, let us consider and compare the following two types of movementskilled movements, such as reaching for an object, and rapid, ballistic movements, such as a boxer striking at his opponent.
In the former example, the movement is somewhat provisional and cannot be completely preprogramed. Consequently, there is the need and also the opportunity for the movement to be continuously updated during its execution.
In the latter case, the movement must rely on prcprograming because, with the rapidity with which it must be performed, the movement could not be adequately updated once it begins. In learning a movement, we first execute the movement very slowly because it cannot be adequately preprogramed. Instead, it is performed largely by cerebral intervention as well as the constant updating of the pars intermedia. With practice, a greater amount of the movement can be preprogramed and the movement can bc executed more rapidly.
For learned movements Eccles (117) and Ito (163) view the cerebellum as providing an internal substitute for the external world. This eliminates the need for peripheral sensory input and allows one to increase the speed of the learned movement by preprograming. This cercbcllar operation we consider to take place in the lateral zone. Thus, we can consider that many of the trained movements are largely preprogramed, whereas many of the exploratory movements, which constitute a large fraction of our movement repertoire, are not complctcly preprogramed but are provisional, subject to continuous revision. The role of the cerebellum, presumably the pars intermedia, in our untrained or exploratory movements is attested to by the clumsiness and slowness with which they must be performed when the cerebellum is ablated and we must rely on cerebral control alone.
It is intersting to compare the number of neurons in interpositus and dentate for cat and man in Table 1 . In the cat, interpositus is slightly larger than dentate; in man, dentate is 10 times larger than the interposed nuclei (globose and emboliform). Thus, man's greater flexibility in skilled movement would seem to be due to his greater capacity to preprogram his movements. Additional insight can be gained by observing movement control when specific portions of the cerebellar operation are interfered with (63-65, 87, 162, 187, 188, 308). With cooling of dentate (Fig. 9, line A) as well as dentate, the ataxic tremor is apparently similar to that when dentate alone is blocked (72). Therefore, a spinocerebrospinal loop may be involved in the follow-up correction (88, 139, 2 16; but see 199). This is in part supported by Holmes' observation that the cerebellar patient must exert conscious control over each phase of movement (161). The great ability of the primate nervous system to preprogram movements is perhaps best seen by eliminating the somatosensory inflow from the periphery by sectioning the dorsal columns or dorsal roots (Fig. 9, line B) . It should be emphasized that movements are impaired under this condition and more intricate tests must be designed to detect the details of the deficits. However, it is remarkable how well some movements can still be performed (282). Lashley ( 193), in describing movements in a patient with the dorsal roots cut on one side, reported that the slower movements of the limb were the most seriously affected. The more rapid movements were least affected. These observations suggest that preprograming of movements in the primate is an important feature of performance and that the more rapid the intended movement, the more the motor system relies on this preprograming.
When limb deafferentation is combined with a dentate/interpositus lesion, the ataxia and ataxic tremor are much more severe than with the cerebellar lesion or deafferentation alone (199 In describing the cerebrocerebellar 1001-y it ernerges that there are fast and slow loops through the cerebropontocerebellar mossy-fiber system and a slow loop via the climbing-fiber system. Considering the cerebrocerebellar system from the point of view of a closed loop, the signals may traverse the mossy-fiber loop in 10 ms, because this loop includes the fast-conducting PT fibers and a monosynaptic connection from the VL neurons back onto the fast PT cells, as depicted in Figures 6 and 7 . In contrast the slower loop through the climbing-fiber system may take 25 ms because this loop involves the slow PT fibers, the slowly conducting olivocerebellar fibers, and a disynaptic connection from VL back onto the slow PT cells. Furthermore, for the slow loop the cerebellothalamic and thalamocortical fibers may be the slower conducting fibers within each pathway, as has been found within the afferent systems to the visual cortex (230) and somatosensory cortex (307) and within the callosal afferents to the motor cortex (226) 
